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FOREWORD 

This  report  vaa  prepared  aa  part  of  the  development  program  for  a 
muzzle  brake  to  be  used  in  connection  with  a Naval  Ordnance  Systems 
Command  Exploratory  Development  Program;  Large  Caliber  (203na)  Light- 
weight Field  Artillery  Weapon.  In  addition,  the  program  alms  to 
advance  the  atate-of-the-art  of  muzzle  brake  design  procedures.  The 
work  vaa  carried  out  under  ORD  Task  No.  35C/501/090/1UF32353/517,  a 
NOSC  program  sponsored  by  the  Marine  Corps  Education  and  Development 
Command. 

This  report  has  been  reviewed  and  approved  by  J.  J.  Yagla  and 
R.  Shank  of  the  Special  Projects  Division. 

Released  by: 
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Experimental  muzzle  brake  performance  t %sta  were  carried  out  at 
reduced  scale,  using  a 40cm  free~recoil  gun  apparatus,  for  comparison 
with  available  105cm  data.  Results  were  sufficient  to  conclude  that 
•uszle  devices  can  be  accurately  Investigated  and  developed  at  reduced 
scale,  with  conjiderahle  savings  of  time  and  money.  The  apparatus 
and  procedures  developed  are,  with  minor  modifications,  satisfactory 
for  carrying  out  reduced  scale  testing. 
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BACKGROUND 

The  Arced  Forces  are  currently  engaged  In  the  development  of 
lightweight  artillery  for  Increased  mobility.  Such  lightweight  guns 
oust  utilize  every  available  means  to  reduce  the  maximum  recoil  force 
transmitted  to  the  gun  carriage.  Reduction  of  the  transmitted  recoil 
fo^cc  is  necessary  to  prevent  displacement  of  the  lightweight  gun 
carriage  during  firing. 

When  & gun  ia  fired*  the  burning  propellant  produces  high  temper- 
ature* high  pressure  gas.  This  high  pressure  gas  accelerates  the 
prolactile  forward  and  also  exerts  a rearward  force  on  the  recoiling 
mass.  The  time  integral  of  the  recoil  force  is  called  the  "recoil 
impulse,"  denoted  by  I.  Most  of  the  recoil  impulse  (typically  70  to 
90Z)  occurs  while  the  projectile  is  in  the  gun  bariel.  This  portion 
of  the  recoil  impulse  is  called  the  "in-bore  impulse,"  denoted  by  M. 
Hovever,  after  the  projectile  has  been  ejected,  the  barrel  still 
contains  high  pressure  gas.  The  "gas-eject ion  period"  is  defined  as 
the  t*  -e  iro*j  projectile  ejection  to  the  time  when  conditions  in  the 
barrel  reach  equilibrium  with  the  environment.  During  the  gas- 
ejcction  period,  as  the  propellant  gas  flows  out  of  the  barrel,  the 
gun  closely  resembles  a rocket.  The  impulse  exerted  on  the  recoiling 
parts  during  the  gas-ejection  period  is  referred  to  as  the  "gas- 
ejcction  impulse,"  denoted  by  G,  and  constitutes  the  remainder  of  the 
recoil  impulse  exerted  on  the  gun  by  the  propellant  gas.  Thus, 

I ■ M + C (1) 

foi  a gun  vlchout  a muzzle  device. 

The  recoil  Impulse  consists  of  a recoil  force  which  is  typically 
very  large  but  is  of  quite  short  duration.*  For  closed  breech 
weapons,  artillery  weapon  designers  employ  a hydraulic-pneumatic 
recoil  system  to  spread  the  response  to  the  recoil  impulse  over  a 
longer  time  span,  thus  reducing  the  maximum  force  exerted  on  the 
carriage.  The  particular  recoil  system  variant  known  as  the  "soft 
recoil"  or  "firing  out  of  battery"  system  simply  uses  the  same 
principle  to  achieve  an  even  longer  time  span  and  hence  further 
reduce  the  force  on  *he  carriage,  without  requiring  excessive  recoil 
length.  Another  method  of  reducing  the  maximum  force  on  the  carriage 
is  to  reduce  the  recoil  impulse. 


*For  example,  the  peak  recoil  force  in  a 5'754  Naval  gun  is  on  the 
order  of  1.1  X 10°  lb,  but  drops  to  about  10X  of  this  value  within 
about  15  ns. 
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DESCRIPTION  OP  MUZZLE  BRAKE 


The  net  recoil  impulse  can  be  reduced  through  use  of  a "nuzzle 
brake"  on  the  nuzzle  of  a gun.  A simplified  nuzzle  brake  la  shown  in 
Figure  lt  consisting  essentially  of  a baffle  mounted  B'/me  distance 
in  front  of,  and  rigidly  connected  to,  the  gun  muzzle,  with  a port  in 
the  baffle  through  which  the  projectile  passes.  As  the  propellant 
gas  rushes  out  of  the  muzzle,  a portion  of  the  gas  impinges  on  the 
baffle  and  is  deflected  frost  the  axial  direction.  This  deflection 
of  high-speed  gas  from  the  axial  direction  by  the  nuzzle  brake  results 
in  a decrease  In  the  axial  momentum  cf  the  gaa,  and  hence  a forward 
Impulse  on  the  muzzle  brake.  The  forward  Impulse  exerted  on  the 
muzzle  brake  Is  denoted  by  lg.  Since  the  muzzle  brake  is  attached 
to  the  barrel,  the  forward  impulse  is  in  turn  exerted  on  the  recoil- 
ing parts,  thus  reducing  the  net  recoil  impulse.  The  forward  Impulse 
can  be  Increased  by  effecting  a larger  decrease  in  the  axial  momentum 
of  the  propellant  gas.  This  can  be  achieved  by  deflecting  more  of  the 
propellant  gas,  by  turning  the  gas  through  a larger  angle,  and  by 
causing  the  gas  speed  to  increase  as  the  gas  Is  turned.  It  is 
possible,  with  a highly  efficient  muzzle  brake  on  certain  guns,  that 
the  forward  impulse  can  amount  to  over  50X  of  the  normal  recoil 
impulse,  ho  that  the  resultant  recoil  impulse  would  be  less  than  half 
as  large  as  that  which  would  occur  for  the  same  gun  without  a muzzle 
brake. 

A restriction  on  the  use  of  muzzle  brakes  is  that  the  bleat  over- 
pressure is  considerably  Increased  in  the  region  behind  the  muzzle, 
which  includes  the  crew  area.  A more  efficient  muzzle  brake  (l.e., 
one  wnlch  yields  a larger  forward  impulse)  usually  results  in  s 
higher  blast  overpressure  in  the  crew  area.  It  la  possible,  however, 
to  achieve  significant  reduction  of  recoil  impulse  and  yet  maintain 
an  acceptable  blast  overpressura, 

A possible  disadvantage  of  the  muzzle  brake  in  that  lt  has  no 
effect  until  after  the  projectile  has  been  ejected  from  the  barrel, 
after  most  of  the  normal  rearward  recoil  Impulse  has  already  occurred. 
Thus  the  action  of  the  muzzle  brake  in  reducing  the  net  recoil  Impulse 
can  be  said  to  be  "corrective"  rather  than  "preventive. " The  muzzle 
brake  can  nevertheless  be  vary  advantageous,  since  the  total  recoil 
Impulse  which  must  be  absorbed  by  the  recoil  mechanism  can  be 
considerably  reduced. 

MUZZLE  BRAKE  PERFORMANCE  PARAMETERS 

The  two  primary  xizzle  brake  performance  parameters  are  the  blast 
overpressures  and  some  sort  of  efficiency  parameter.  The  blast  over- 
pressures are  usually  specified  simply  as  peak  overpressure  levels 
and  blajt  wave  durations,  at  certain  specified  locations  around  the  gun. 
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There  Is  some  difference  of  opinion  ,c.cemiu;  the  beat  parameters 
for  measuring  muzzle  brake  efficiency  ",h«re  are  basically  two 
efficiency  paraiseters  currently  in  uwe.  The  first,  denoted  by  the 
symbol  E,  Is  defined  as  the  rst*,o  of  the  forvard  Impulse  due  to  the 
mizzle  brake  to  the  total  recoil  lrpulse  without  a muzzle  brake, 

K 

E - . (2) 

This  parameter  ce^  be  accurately  measured  experimentally  with  relative 
ease.  The  value  of  l con  be  obtained  by  measuring  the  recoil  Impulse 
for  shots  without  a muzzle  brake.  ';he  value  of  Ig  can  be  determined 
os  the  difference  In  recoil  ictpul# . for  shots  >.lt h and  without  the 
muzzle  brake. 

However,  the  parameter  1»  not  actually  a measure  of  the  performance 
of  the  muzzle  biakc  design.  Rather*  ic  l*  a measure  of  the  performance 
of  f ha  muzzle  brake  when  used  on  a specific  gun.  The  in-bore  impulse 
M It-  essentially  Independent  of  the  presence  of  a muzzle  b*«kv,  since 
the  muzzle  brake  is  operative  only  during  the  gas-elect lo*  *riod. 

Yet,  the  in-bore  Impulse  h 'a?*d,  lUewlsa,  the  gas-e )cc(  lo%.  impulse  C) 
can  be  a significantly  d«trc',*i:t  fraction  of  the  total  recoil  Impulse 
1 for  different  gun  design*..  T?~a*.  a given  muzzle  brake  design  could 
be  tested  on  two  guns  which  had  t ha  same  value  of  I but  different  values 
of  C,  with  the  result  that  significantly  different  values  of  efficiency 
C could  be  obtained.  The  Importance  of  this  Is  that  the  parameter  t 
cannot  be  easily  used  to  compare  and  evaluate  different  muzzle  brake 
designs  unless  prototypes  of  each  brake  have  been  tested  on  the  same 
type  of  gun.  In  addition,  there  is  no  clear  urper  limit  for  the  value 
of  t against  which  th.  performance  of  a muzzle  brake  design  can  be 
compared.  The  conclusion  of  the  write!  is  that  the  efficiency 
parade er  l to  not  adequate  for  comparison  and  evaluation  of  muzzle 
brake  designs. 

The  second  muzzle  brake  perfont/ince  parameter  currently  in  use 
Is  denoted  in  this  report  by  the  svmbol  0 and  Is  called  "muzzle  brake 
effectiveness,"  also  known  as  "momcntias  index"  or  "muzzle  b^ake 
efficiency."  It  is  defined  aa  the  ratio  of  the  forvard  impulse  due 
to  the  muzzle  brake  to  the  gas  ejection  impulse  C without  e muzzle 
brake. 


This  is  a more  meaningful  measurement  of  muzzle  brake  performance 
since  Ig  is  normalized  by  G,  which  is  the  impulse  that  the  muzzle 
brske  can  affect.  Experience  indicates  that  the  value  of  6 is 
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relatively  constant  for  a given  brake  design,  even  when  th*  brake 
design  la  used  on  different  guns  or  on  the  sane  gun  with  different 
propellant  charges.  Thus,  tne  parameter  B Is  quite  useful  for  cosparing 
performance  of  different  nuzzle  brake  designs. 

The  magnitude  of  the  cuttle  brake  effectiveness,  0,  has  sone 
physical  significance.  If  all  of  the  gas  were  turned  through  an  angle 
of  exactly  90#,  then  Ig  would  be  equal  to  C,  and  so  the  value  of  6 
would  be  1 (equation  3).  If  all  of  the  gas  were  turned  through  an 
angle  of  180* , then  Ig  - 2C  and  B • 2,  which  is  the  upper  limiting 
value  for  0.  Thus.  0 £ B 2.  This  picture  of  the  operation  of  a 
muzzle  brake  Is  admittedly  oversimplified.  For  example,  the  possibil- 
ity that  the  speed  of  the  gas  could  change  as  the  gss  is  turned  is 
ignored.  Ncnetheless,  at  least  United  physical  significance  can  be 
attached  to  the  value  of  B. 


The  prlaary  disadvantage  of  the  eurzlc  brake  effectiveness  para- 
meter 6 Is  that  the  value  of  C is  not  easy  to  determine  accurately. 

DESICN  PROCEDURES 

Designing  a muzzle  brake  to  yield  a large  forward  Impulse,  yet  an 
acceptable  blast  overpressure  In  the  crew  areas,  and  of  a reasonable 
size,  weight,  and  sufficient  strength.  Is  a formidable  design  problem. 
In  the  past,  muzzle  brakes  have  been  developed  largely  by  experimental 
trial-and-error  on  the  full-sized  gun  for  which  they  were  being 
designed.  Such  design  procedure  la  expensive  in  terms  of  both  time 
and  money.  In  addition,  accurate  muzzle  brake  performance  data  are 
very  difficult  to  obtain  on  conventional  gun  mounts,  "he  present  work 
la  s portion  of  a larger  effort  to  provide  a less  expensive  and  more 
fruitful  method  of  muzzle  brake  development. 


This  report  describes  a technique  for  accurate  experimental  test- 
ing of  mizzle  brake  performance  at  reduced  scale,  which  can  greatly 
reduce  the  cost  of  muzzle  brake  development  and  testing.  A further 
advantage  is  that  a muzzle  brake  could  be  developed,  at  reduced  scale, 
for  a large  gun  that  is  in  the  "feasibility  *tudvM  stage  of  its 
evolution. 

A concurrent  investigation,  conducted  by  Dr.  F.  H.  Haillie  (1)*  of 
the  Naval  Weapons  Laboratory,  la  concerned  with  analytical  prediction 
of  muzzle  brake  performance.  Such  an  analytical  technique  would  be 
ujad  to  guide  the  design  and  optimization  of  muzzle  brakes,  with 
developmental  testing  carried  out  at  reduced  scale.  Only  limited  full- 


*Ni*bers  in  brackets  refer  to  numbered  references  listed  at  the  end  of 
this  report. 


scale  testing  would  be  required  for  final  verification  of  the  performance 
of  the  brake  design  at  full  scale. 

The  analytical  technique  is  currently  United  tc  axisymmetric  muzzle 
devices.  For  guns  that  mist  fire  ever  earth*  such  as  Array  and  Marine 
artillery*  the  bott on  of  the  muzzle  brake  must  be  cloned  to  avoid  dust 
obscuration.  The  top  of  the  mizzle  brake  mist  also  be  closed  ic  prevent 
unbalanced  forces  normal  to  the  gun  barrel.  Flew  through  such  a ruzile 
device  is  highly  three-dimensional;  current  computer  hydroco dee  are  not 
suitable  for  analysis  of  such  three-dimensional  unsteady  gas  dynamic 
situations.  Design  of  ouch  a nuzzle  brake  would  have  to  be  primarily 
empirical.  However,  the  analytical  technique  can  provide  valuable  gu<d~ 
ing  Information  even  for  such  designs. 

OBJECTIVE 

The  purpose  of  the  present  work  i9  to  investigate  the  feasibility  of 
re  'd  scale  testing  of  muzzle  brake  performance.  Parameters  of  primary 
in  st  include  muzzle  ^tako  effectiveness*  recoil  force-time  nistory, 
the  ~iast  overpressure  Id*  and  strength  of  the  brake  and  attachment 
hardware.  In  addition  t.  reducing  cost*  using  a small  gun  facilitates 
uee  of  a °f rce-recoil"  gun  mount*  which  appears  to  be  the  beat  test 
vehicle  for  Investigating  muzzle  brake  performance. 

A further  objective  Is  to  develop  a suitable  free-rrcoll  gun  mount 
test  apparatus  and  procedures  for  use  In  future  muzzle  brake  develop- 
ment. The  same  apparatus  could  also  be  used  to  study  at  reduced  scale 
other  facets  of  gun  performance. 

THEORETICAL  SCALING  CONSIDERATIONS 

The  events  of  prlmiry  interest  in  nuzzle  brake  Investigation  occur 
during  the  gas-ejection  period,  since  this  Is  vhwn  the  muzzle  brake  Is 
operative.  It  Is  desired  co  Instrument  and  test  a small  gun  equipped 
with  a muzzle  brake  to  predict  the  behavior  of  a much  larger  gun  and 
muzzle  brake.  This  requires  that  the  gas  flow  during  the  gas-ejection 
period  of  the  model  gun  be  geometrically  and  dynamically  "similar"  (in 
the  strict  similitude  sen**)  to  the  gas-ejection  period  gas  flow  of  the 
prototype  gun.  Note  that  the  requirement  that  the  gas  flow  be  geomet- 
rically similar  requires  the  moci 1 gun  barrel  to  be  a scale  replica  of 
the  prototype.  Also,  the  requirement  of  dynamic  similarity  requires, 
as  a necessary  condition*  that  T he  initial  conditions  of  the  ga»- 
ejectlon  period  must  scale.  The  le  conditions  are  the  final  conditions 
of  the  in-bore  period. 

It  appears  that  the  most  practicable  method  of  achieving  a sealed 
gas-ejection  period  la  to  also  require  a scaled  in-bore  period.  Such 
an  approach  has  the  additional  advantage  that  the  apparatus  can  be  used 
to  study*  at  reduced  scale*  other  phenomena  which  occur  during  the  In- 
bore period  as  well  ss  the  gas-ejection  period. 
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The  *r>proach  used  to  achieve  accurately  scaled  Run  and  nuzzle  brake 
performance  la  to  scale  In  detail  the  Interior  ballistics  of  the  proto- 
type t*  based  on  a scaling  analysis  by  Dr.  J.  Hast  (2).  The  scaling 
atuilysls  proceeds  In  the  nomal  winner.  In  which  a set  ol  significant 
dimensional  parameters  is  chosen  and  then  combined  Into  a set  of 
dimensionless  similarity  parameters  by  means  of  th^  techniques  of 
dimensional  analysis  (Buckingham  * Theorem).  The  list  of  diceneionsl 
parameters  considered  to  be  significant  is  shown  in  Table  1,  with  one 
possible  set  of  similarity  parameters  shown  In  Table  2. 
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For  a correctly  chosen  set  of  dimensional  parameters,  maintaining 
the  same  value  of  each  similarity  parameter  ror  model  and  prototype 
results  In  valid  scaling.  Consideration  of  the  similarity  parameters 
leads  to  a "model  law,"  a detailed  accounting  of  how  each  dimensional 
parameter  must  scale,  The  caliber  ratio,  denoted  by  1,  Is  defined  as: 


A • caliber  ratio  - 


model 


prototype 


(4) 


Geometric  similarity  (for  Instance,  * groups  1 throrgh  A)  requires 
that  all  linear  dimensions  havn  the  scale  factor  \.  Atmospheric 
conditions  will  be  (at  least  nearly)  the  same  for  model  and  prototype, 
so  Pc,  *Q,  and  Yo  must  all  have  a scale  factor  of  unity.  This  In 
turn  requires  that  all  pressures  and  velocities  have  a scale  factor  of 
unlty;  as  can  be  seen  by  comparison  of  * groups  10,  15,  19,  and  30  or 
12  and  14.  This  Is  a realistic  requirement,  since  most  guns  of  Interest 
regardless  of  size,  have  roughly  the  asms  projectile  muzzle  velocity, 
sin  e pressure  has  a scale  factor  of  unity,  shows  that  force  hrs  a 
seal  > factor  of  A2.  Then  v 20  •»,0VB  that  density  has  a scale  factor  of 
unity.  Further  reasoning  along  the  same  lines  leads  to  the  model  law 
shown  in  V>bla  3.  Of  particular  Interest  is  the  fact  that  Young's 
modulus,  dinslty,  stress,  arid  strain  of  the  muzzle  brake  material  all 
have  a scale  factor  of  1,  so  that  the  same  material  can  be  used  for 
the  muzzle  brake  model  and  prototype.  Further,  the  strength  of  the 
muzzle  brake  can  also  be  easily  Investigated  experimentally  at  reduced 
scale. 


The  model  law  shown  In  Table  3 Is  quite  detailed  and  may  seem 
unweildy,  but  is  actually  not  difficult  to  use.  It  Is,  however,  not 
usually  possible  to  satisfy  all  requirements  of  the  model  law  exactly. 
For  example,  the  specific  Impetus  (RT0)  of  the  propellant  is  one  of 
the  most  important  parameters  for  obtaining  a given  gun  performance, 
but  in  practice  Its  value  varies  for  different  propellant  lota.  To 
obtain  accurately  scaled  gun  performance,  it  may  then  be  necessary  to 
vary  some  other  parameter  such  as  chamber  volume  or  mass  of  propellant. 

Another  difficulty  Is  that  exact  scale  repllcA  propellant  trains  are 
usually  not  available. 
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Table  1.  Significant  Paraaetera  far  Scaling  of 
Cun  and  Hurtle  Brake  Performance 


Symbol 

(£Aantiry 

Fundamental  Dimensions 

Otm  Geometry 

X 

distance  along  line  of  flro 

length 

y 

distance  from  axis  of  fire 

length 

h 

muzzle  height 

length 

H 

height  of  point  of  Interest 

length 

a 

barrel  angle  (Q«E.) 

radiant 

1 

ln-bore  shot  travel 

length 

c 

caliber  of  gun  (bore  diameter  at  lands)  length 

li 

dimensions  of  other  obstructions 

length 

A 

bore  area 

length^ 

U 

c 

chamber  volume 

length* 

Ambient  Atmospheric  Environment 

P 

0 

atmospheric  pressure 

force/length^ 

Yo 

ratio  of  specific  hosts  of  atmosphere 

dimensionless 

•o 

speed  of  sound  In  atmosphere 

length/ t in* 

Interior  Ballistics 

e 

P 

mass  of  projectile 

force-time^/ length 

vp 

projectile  ejection  velocity  (muzzle 
velocity) 

length/ time 

PE 

engraving  pressure 

forcc/length* 

c 

elapsed  time 

time 

f» 

c 

mass  of  propellant 

force-time^/ length 

8 


iXr 


D 

1 

c 

n 

d 

P 

I 

1 

T 

T 

P 


Table  1.  Significant  Parameters  for  Scaling  of  Cun  and 
Muzzle  Brake  Performance  (Continued) 


Symbol 


RT 


Quantity 

specific  Impetus  ("Foice”  of 
propellant) 

ratio  of  ipeciflc  hrtts  of 
propellant  gas 

flame  temperature 

propellant  density 

propellant  grain  diameter 

propellant  grain  length 

number  of  perforations 

propellant  grain  perforation 
diameter 

Blest  Field 

peak  overpressure 
pressure  impulse 
arrival  time 
duration  of  uiast  wave 
muzzle  pressure 


Fundamental  Dimensions 

length2/tioe2 

(length-force/mass) 

dimensionless 


temperature 

2 4 

force-time  /length 

length 

length 

dimensionless 

length 


force/length 

2 

force-tioc/length 

tine 

time 

2 

force/length 


t \ 


Ttble  1.  Significant  Parameters  for  Scaling  of  Cun  and 
Muzzle  Brake  Per1  naance  (Continued) 
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Symbol  Quantity 

Muzzle  Brake 

.lj  muzzle  brake  linear  dimensicna 

?B  preaaure  on  muzzle  brake 

0 atraas 

c • train 

qb  denalty  of  muxzle  brake  material 

Young1  J modulus  of  muzzle  breicn 
Fg  force  exerted  on  znzzle  brake 

1 vecoll  Impulse 

H in-bore  impulse 

G gas-ejection  impulse 

1^  impulse  on  muzzle  brake  by 

propellant  gas 

fi  nuzzle  brake  effectiveness 


Fundamental  Dimensions 


length 

iorce/length* 

forct/length2 

dimensionless 

2 A 

force-time  /length 

force/lengtb* 

force 

force-time 

force-time 

forc*-time 

force-time 

dimensionless 


f 


X 


t 

\ 


1 


■\ 

V 


y 

\ 

V 


t ! 
f 


I 

t 

i 


* 1 - y/c 
» 2 - xJc 

* 3 - h/c 

* 4 - H/c 

* 5 ■ a 

* 6 - 1/c 

* 7 - lj/c 

* 3 - A/c2 

» 9 - U /c3 
c 

■10  - Po  c2/F> 

.11  - ,o 

*12  - «ot/c 

*13  - tt  c/F„c2 
P 3 

*14  - V e/c 
P 

.IS  - Ppe!/rB 

*16  - a c/f„t2 
c 0 

*17  - (RT  )T2/c2 
o 

*18  - Y 

c 

*19  - Tf/Tf 
*20  - Pcc*/FBt2 


Table  2.  Similarity  Parcneters 


*21  - D/c 

*22  - 1 /c 
c 

*23  - N 
*24  - d/c 


*25  • P c2/F 
nax  B 

*26  - I c2/F 
P B 

*27  - t/T 
*28  - T/t 


*29  - lj/c 
*30  - PBc2/PH 


*31 
*32  - c 


c2/P. 


•S3  - »,c‘/PBt2 

.34  - Eyc2/rB 

*35  - I/FBt 

*36  - H/Fb  t 

*37  - C/F.t 
0 

*38  - iB/rBc 
*39  - 8 
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Table  3. 


Model  Law  for  Scaling  G- m Performance, 
Indudlug  Hvxrle  Brake 


L.  f 

1 r ■ I 

Quantity 

Fundamental 

Dimensions 

Symbols 

Scale 

Factor* 

Linear  Dimensions 

length 

y,x,h,H,l.c, 

X 

1 

■ 

Area 

2 

length 

D.l^d.lj.^ 

A 

X2 

v 

Volume 

length'* 

°C 

X3 

H 

* 

■ 

■ 

Pressure 

2 

force/length 

1 

1 

Sonic  Velocity 

length/ time 

a 

o 

1 

1 — 

Vclcclt: 

length/tlcu 

V 

P 

1 

Hass 

•> 

iorce-timeVlength 

V« 

X3 

' ?■ 

Density 

2 4 

force-tine  /length 

°C  PB 

1 

Time 

time 

T,T,t 

X 

■ 

■ 

Energy 

force-length 

E 

X3 

/ * 

$ 

r 

Temperature 

temperature 

Tf 

1 

j 

■ 

v 

Force 

force 

x2 

7*  \ . 

Stress 

force/ length2 

0 

1 

Strain 

dimensionless 

c 

1 

Young*  s r*>dulue 

2 

force/length 

E 

1 

H '- 

I ' 

• 

Impulse 

force*  time 

y 

i.m.c#ib 

X3 

^ / 

f 1 . 

Pressure  Ispulse 

2 

force-time/length 

i 

X 

■ 

■ .. 

■-  * 

r 

Specific  Impetus 

i 

length2/tine2 

p 

RT 

0 

1 

« ' '"-i 

Dimensionless 

dimensionless 

VVB#5f 

1 

■ / 

H/ 

f ‘'  ' ; 

Parameters 

Angles 

radians 

o c 
a 

1 

X - caliber  ratio  - 


nodal 


prototype 
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Adjustment  In  parameter  values  nay  also  have  to  be  made  to 
compensate  for  variations  in  parameters  not  Included  in  the  model  lav. 
Several  parameters  vere  not  Included  because  either  they  vere  considered 
to  have  a negligible  effect*  or  they  vere  extremely  difficult  to  predict 
and  control.  Examples  of  such  parameters  Include  the  effect  of  case 
crimping  and  rotating  band  engraving  on  shot-start  pressure*  friction 
effects*  rotational  kinetic  energy  of  the  projectile*  gas  leakage* 
variation  In  thermodynamic  properties  of  the  gas*  and  heat  transfer 
effects.  Experience  has  Indicated  that  successful  scaling  can  be 
achieved  by  minor  adjustments  In  other  parameters*  at  least  If  model 
and  prototype  are  of  basically  similar  design. 


EXPERIMENTAL  APP/vRATtT;  AND  PROCEDURES 
DESIGN  OF  EXPERIMENT 

The  scaling  technique  described  must  to  verified  before  It  can  be 
used  with  confidence.  Satisfactory  verification  could  to  made  If 
accurate  muzsle  brake  performance  data  for  a large  gun  vere  available 
and  could  he  reproduced  at  reduced  scale  uslrg  the.  model  lav. 

Budget  limitations  did  not  sllov  ths  large  gun  experimental  data 
to  oe  obtained  as  part  of  the  current  program.  However*  apparently 
satisfactory  data  vere  available*  from  the  research  of  Salsbury  (3)* 
for  a 105am  Howitzer  mounted  In  a free-recoll  gun  mount.  Sals bury 
tested  a number  of  muzzle  brakes*  consisting  of  flat  circular  disks  of 
various  diameters*  mounted  at  various  distances  from  the  muzzle. 

Values  of  muzsle  brake  effectiveness  and  of  blast  overpressure  at 
locations  behind  the  muzzle  are  given  for  each  brake  cot  figuration. 

The  values  of  most  parameters  llstsd  in  the  modal  lav  ant  available 
for  the  105tam  Howitzer  used  by  Salsbury. 

Tha  verification  of  the  scaling  technique  consisted  of  duplicating 
selected  portions  of  Salsbury* s 105mm  experiments  at  reduce*.'  scale* 
using  s 40on  free-recoll  gun  mount  apparatus.  Agreement  of  brake 
effectiveness  6 an 1 blast  overpressure  results  would  provide  verifi- 
cation of  the  scaling  technique.  The  apparatus  and  ce(.hnl««us  could 
then  be  used  with  confidence  in  future  muzzle  brake  design  programs. 

TREE-RECOIL  GUN  MOUNT  TEST  APPARATUS 

The  apparatus  used  in  the  muzzle  brake  scaling  investigation  is 
a "free-recoll**  gun  mount.  The  term  Mf ree-recoll"  means  that  the 
recoiling  parts  are  free  to  reccll  with  no  retarding  force  present. 

This  situation  cannot  actually  be  achieved  because  of  the  presence  of 
friction*  tut  can  be  approached  by  reducing  friction  as  much  as 
possible.  The  advantage  of  a free-recoll  gun  mount  is  that  the  motion 
of  the  gun  can  be  easily  related  to  the  recoil  forces  acting  cn  the  gun. 
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rhe  gun  used  In  the  free-recoil  gun  mount  is  a 40ma  Naval  saluting 
gun  with  a hand-operated  sliding  breech.  The  barrel  is  a MK  1 water- 
cooled  barrel  with  the  cooling  jacket  removed  to  reduce  weight.  The 
40cr»  gun  is  particularly  suitable  as  a model  gun  for  a number  of 
reasons,  including  that  it  is  of  basically  similar  design  to  »aost  large 
guns.  Also,  the  overall  barrel  length  is  slightly  over  56  calibers, 
which  is  "longer'1  than  most  larger  guns;  a replica  barrel  can  be 
achieved  simply  by  cutting  off  the  40cm  barrel  to  the  proper  length. 

A schematic  of  the  apparatus  is  shown  in  Figure  2.  Figure  3 is 
n photograph  of  the  facility.  The  40mra  gun  is  mounted  on  a carriage 
vh\ch  consists  of  two  1-in.  (25.4mm)  thick  steel  plates  on  which  the 
gun  is  mounted,  and  which  arc  connected  to  tlvi  bushing  housings.  The 
gun  and  carriage  are  free  to  move  as  a unit  in  the  axial  direction  by 
means  of  four  recirculating- ball  linear  bushings.  Each  of  the  two 
bushing  housings  contains  two  of  the  ball  llneat  bushings.  The  bush- 
ings run  on  cwo  <*-ir..  (101. 6?m)  diameter,  5-ft  (1.52m)  long  precisic 
steel  shafts  and  provide  very  assail  frictional  drag.  The  drag  force 
for  constant  velocity  of  the  gun  carriage  has  been  measured  and  found 
to  be  about  11  lb  (5  kg).  The  total  weight  of  the  recoiling  nasa 
(gun  and  carriage)  is  about  600  lb  (272  kg),  so  the  coefficleiit  of 
friction  is  about  0.018.  Assuming  there  are  no  moments  on  the  gun, 
the  impulse  of  the  friction  force  during  the  in-bore  and  gas-ejection 
period  amounts  to  less  than  0.3X  of  the  total  recoil  impulse.  The 
shafts  are  arranged  one  above  the  other  to  allow  easy  access  to  the 
gun  *nd  to  provide  a narrow  apparatus  (maximum  width  10  in.  or  25.4  cn), 
which  results  in  a minimum  of  interference  with  the  blast  field.  The 
shafts  and  the  gun  barrel  were  leveled  to  within  0.001  in.  per  ft 
(0.  OBcca  per  meter)  so  that  gravitational  effects  could  be  ignored. 

The  entire  apparatus  is  structurally  very  rigid.  A dashpot  decelerates 
the  recoiling  mass.  The  frcc-recoil  distance  is  7 in.  (178ma)  before 
the  carriage  contacts  the  dashpot,  which  is  sufficient  for  all  events 
of  interest  to  occur. 

The  recoiling  mass  was  "balanced"  so  tliat  the  center  of  mass  was 
lccated  near  the  centerline  of  the  gun  bore,  to  minimize  recoil 
moments.  Such  recoil  moments  can  be  very  large.  For  example,  the 
peak  chamber  pressure  in  the  current  experiment  was  on  the  order  of 
35,000  p9i,  and  the  bore  area  was  about  two  square  inches,  which 
results  in  a peak  recoil  force  of  about  70,000  lbf,  exerted  along  the 
bore  centerline.  If  the  center  of  ma&s  were  located  1/4  In.  from  the 
bore  centerline,  a peak  recoil  moment  of  about  1500  ft-lb  would  occur, 
resulting  in  a contribution  to  the  bearing  load  of  about  600  lb.  If 
the  center  of  mass  were  located  exactly  on  the  bore  centerline,  this 
moment  would  be  zero.  The  apparatus  was  balanced  so  that  the  center 
of  mass  was  within  1/4  in.  of  the  bore  centerline. 
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Figure  2.  Schcnatlc  of  40am  Frce-Recoil  Cun  Mount 
(Si'Je  View,  fcele  1/15  Act4.il  Size) 
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Figure  3.  40ra  Frce-Rocoli  Cun  Mount 
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Additional  bearing  loads  are  due  to  the  weight  of  the  recoiling  mate 
(600  lb)  and  rifling  torque  reaction.  The  rifling  torque  reaction  wee 
estimated  to  be  about  400  tt-lb  uxima,  an  equivalent  bearing  load  of 
leas  than  100  lb.  The  bearings  are  rated  for  5000  lb. 

The  round  configuration  used  for  the  axperinent  la  shown  schemat- 
ically in  Figure  4.  The  projectile  la  a 4tam  MX  2,  modified  by 
shortening  the  tapered  base  0.5  in.  ro  reduce  the  weight  of  the  projec- 
tile. The  c»dlf led  projectiles  were  inert  losded  to  Che  desired  weight. 
The  40ma  MX  3 steel  case  was  used.  To  reduce  the  chamber  volwse  to 
the  desired  value,  the  case  wms  partly  filled  with  Stonhard  Company 
"atonfil,"  a material  ainllar  to  concrete.  The  propellant  was  Ignited 
by  a 20cs»  electric  primer  cap,  M52A3B1,  boosted  by  one  gram  of  FFFFg 
black  powder  in  a snail  silk  bag.  The  primer  cap  was  counted  in  a 
special  socket  made  of  a BNC  female  electrical  connector. 

INSTRUMEMTAT ION 

The  Instrumental ion  included  a timing  signal,  projectile  velocity, 
muzzle  pressure,  and  blast  gages  at  various  locations  around  the  gun. 

Ttv*  displacement  anJ  acceleration  of  the  recoiling  mass  were  also 
recorded.  The  displacement  and  slapsed-t ime  records  were  used  to  obtain 
the  velocity  of  the  recoiling  maar.  These  data  are  sufficient  to  deter- 
mine muzzle  brake  effectiveness  and  blast  field  parameters. 

All  raw  data  were  recorded  on  a Sangamo  Sabre  III  14-channel  tape 
recorder,  with  80  KHz  (IR1C  wideband  Group  I)  record  boards,  A schematic 
of  the  instrumentation  system  Is  shown  in  Figure  5. 

Two  accelerometers  were  used,  both  located  on  the  recoiling  mass. 

The  accelerometers  were  Bell  and  Howell  4-202-0001  (+250  g)  linear 
accelerometers.  The  signal  from  each  accelerometer  was  fed  Into  an 
dev co  4470  signal  conditioner  with  a 4471. 1A  voltage-regulated  bridge 
conditioner,  then  Into  a Newport  Model  60  dc  amplifier,  and  finally  Into 
the  tape  recorder. 

Muzzle  pressure  was  recorded  by  means  of  a Kistler  607  pressure 
gage  located  In  the  gun  tube  0,5  calibers  from  the  muzzle.  The  signal 
was  fed  to  a Klstlcr  503D6  charge  amplifier,  then  to  a Newport  Model 
60  dc  amplifier,  and  then  into  the  recorder. 

Two  types  of  blast  pressure  gages  were  used,  located  at  various 
positions  around  the  gun.  The  blast  gages  used  were  Crystal  Research 
free-air  pressure  tourmaline  (’'lollipop')  gages  and  an  Atlantic  Research 
(Celesco  LC-33  pencil  gage.  Each  signal  was  fed  into  an  Lndcvco  Model 
4470  signal  conditioner  with  a 4477.1  charge  amplifier,  then  into  a 
Newport  Model  60  dc  amplifier,  and  then  into  the  recorder. 
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The  projectile  velocity  wee  measured  by  etinj  uf  two,  200-turn 
wire-wound  colie  whose  locations  along  the  line  of  fire  were  accurately 
known*  The  coll  locations  were  nominally  25  ft  and  75  ft  from  the 
muzzle.  The  signals  generated  when  the  magnetized  projectile  passed 
through  a coll  were  ured  in  conjunction  with  the  timing  marks  to 
determine  the  mean  projectile  velocity  between  25  ft  and  75  ft  from 
the  muzzle. 

The  displacement  of  the  recoiling  mass  was  measured  by  means  of 
a photodiode  and  perforated  strip.  The  perforated  strip  was  a stainless- 
steel  tape  with  .030-in.  wide  slots  at  Intervals  of  0.1  In.  and  moved 
with  the  recoiling  mass.  A stationary  light  sourca  and  photodiode  were 
lj-ated  on  opposite  sides  of  tha  perforated  strip  and  viewed  It  through 
small  diameter  aligned  holes.  The  photodiode  was  connected  In  series 
with  a battery  and  rasistor.  The  change  in  resistance  of  the  photo- 
diode caused  s change  in  the  voltage  drop  across  the  resistor.  Thus, 
an  electrical  pulse  was  generated  for  every  0.1  in.  of  displacement  of 
the  recoiling  mass. 

EXPERIMENTAL  PROCEDURES 

The  most  Important  procedures  for  this  experiment  sre  those 
procedures  required  to  achieve  scaled  gn  performance.  The  major 
problem  area  In  achieving  the  required  scaled  gun  performance  is 
accurately  scaling  the  interior  ballistics. 

Table  4 shows  parameter  values  which  Mrs  directly  controlled  in 
the  present  experlmeut.  The  values  shown  In  Table  4 ere  values  for 
the  prototype  (105am)  gun,  the  Ideal  or  desired  values  for  the  modal 
(40am)  gun  according  to  the  modal  law,  and  the  values  actually  used 
for  tha  modal  gun.  Response  parameters,  such  as  blast  wave  peak 
overpressure  and  muzzle  brake  effectiveness,  are  not  listed  in  Table  4; 
they  will  be  examined  In  detail  later  In  this  report. 

The  scaling  analysis  and  resultant  model  law  discussed  carllet 
Indicate  that  scaled  performance  can  be  achieved.  In  actual  practice, 
exact  scaled  performance  trill  not  usually  be  achieved  because  It  is 
not  usually  practical  to  scale  all  of  tha  Independent  variables 
exactly.  In  the  present  experiment  (Table  4),  the  greatest  departure 
from  exact  scaling  was  the  propellant.  Tha  Army  105mm  Howl»ner  is 
particularly  difficult  to  scale  in  this  respect  because  it  uses  two 
different  propellant  grains  in  the  charge.  The  gun  was  chosen  as  the 
prototype  gun  because  It  is  the  only  gun  for  which  suitable  muzzle 
brake  performance  data  were  available.  No  available  propellant  grains 
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Quantity 

Caliber,  e 

In-bore  shot 
travel,  l 

Bore  area,  A 

Mata  of  projectile,  a 

P 

Type  of  propellant 
Specific  impetus,  XT 

o 

Kata  of  propellant,  a 
c 

Crain  geometry 


Chamber  volume,  Uc 
Projectile  velocity,  V 


Table  4.  Scaled  Parumeter  Value* 


Prototype 

Value 

105— 

110  in. 

13.65  la.2 
33  lb 
M 

10.13X10*  — 2 

MC* 

2.828  lb 

0.626  lb  of  SP,  .016- 
ln.  web,  2.206  lb  of 
KP,  .026-tn.  web. 

(H67  charge,  Zot.e  7) 


153  In. 
1620  fpe 


n ! - 


nn—«  i 
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were  found  which  were  scale  replicas  of  the  prototype  propellant  grains. 
Lack  of  time  and  funds  prevented  having  special  scale  replica  propellant 
grains  manufactured.  Interior  ballistics  computer  calculations  indicated 
that,  under  these  limitations,  the  bast  approximation  of  scaled  pcrfor- 
unce  could  be  obtained  by  simply  using  the  smaller  of  the  two  proto- 
type propellant  grains  as  the  modal  propellant,  with  the  chamber  volume, 
in-bore  shot  travel  (barrel  length),  and  mass  of  propellant  adjusted 
to  yield  the  desired  muzzle  velocity  and  pressure. 

On  the  basis  of  interior  ballistic  calculations,  three  trie)  round 
configurations  were  selected  and  tested.  All  parameter  values  were 
ss  shown  in  Table  4 except  mss  of  propellant,  xnCt  and  chaaber  volume, 

Uc;  these  values,  and  the  resulting  projectile  velocities,  are  shown 
In  Tsble  5.  On  the  basis  of  these  results,  the  final  values  shown  in 
Figure  4 were  selected. 


Table  5. 


1/  , 


Scaled  Charge  Determination  Test 
(Test  Data:  1 May  1973) 


1 

Number  of 
Teat  Rounds 
Fired 

m. 

u 

c 3 

(in-3) 

V 

p 

(fps) 

1 

.150 

6.78 

1420 

1 

.172 

7.45 

1556+8* 

2 

.183 

8.13 

1616+3* 

"\!  I 
\ ■ 


i 


/ 


♦Total  Variation 


Initial  firings  resulted  in  misfires.  The  problem  was  found  to  be 
absorption  of  moisture  from  the  stonfll  by  the  propellant.  To  minimize 
this  effect,  all  future  rounds  vers  loaded  with  propellant  and  assembled 
immediately  before  each  test. 


The  experimental  procedures  used  during  testing  were  simple.  Before 
beginning  the  test,  all  instrumentation  was  checked  out  and  calibrated, 
ami  the  '.ounOa  were  assembled.  The  mizzle  brake  configuration  to  be 
teiccd  tas  Installed,  and  a round  vaa  loaded  into  the  gun  and  fired. 
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Raw  data  obtained  during  the  test  consisted  of  pressure  for  each 
of  three  blast  gages,  acceleration  of  the  recoiling  mass  (two  acceler- 
ometers), nuzzle  pressure,  breakvlre,  pulses  obtained  from  the  mag- 
netlzed  projectile  passing  through  the  velocity  colls,  a pulse  for 
each  0*1  in*  of  recoiling  mass  displacement,  and  elapsed  time*  All 
data  were  recorded  on  magnetic  tape  at  120  ips,  and  latr~  played  back 
onto  a strip  chart  recorder*  Typical  raw  data  are  shown  In  Figure  6 
at  a 1:1  playback  ratio*  The  data  records  used  for  actual  data 
reduction  were  expanded  by  replaying  the  tape  at  7-1/2  ips,  with  a 
atrip  chart  recorder  speed  of  120  Ips  (playback  ratio  16:1),  so  chat 
1 ms  » 2 in.  on  paper.  Data  reduction  procedures  are  described  in 
detail  below*  Sample  calculations  for  the  data  shown  In  Figure  6 are 
Included* 

The  only  information  extracted  from  the  blast  pressure  records  was 
the  peak  overpressure*  The  value  read  from  the  record  was  corrected 
for  pressure  gage  "finite  size*'  rise  time  effects  using  the  method  of 
reference  (4).  The  location  of  each  blast  gage  relative  to  the  gi«n 
muzzle  and  line  of  fire  was  also  know*  Values  of  blast  wave  duration 
and  time  of  arrival  were  not  measured  since  these  data  were  not 
available  for  the  prototype  (105am)  gun  and  muzzle  brakes. 

The  accelerometer  data  are  thought  to  be  valid,  but  were  not 
reduced  quantitatively  for  reasons  discussed  later  in  this  report* 

Examination  of  a typical  muzzle  pressure  data  trace  (Figure  6) 
shows  a large-amplitude,  short-duration  spike  followed  by  a pressure 
relaxation  curve*  The  spike  Is  believed  to  be  due  to  the  passage  of 
the  rotating  band  past  the  pressure  gage,  plus  possibly  some  strip 
chart  recorder  overshoot.  The  value  used  for  muzzle  pressure  at 
ejection  was  obtained  by  reading  the  value  at  the  beginning  of  the 
pressure  relaxation  curve* 

The  projectile  velocity  was  determined  by  measuring  the  elapsed 
time  between  the  zero  crossings  of  the  two  velocity  coll  signatures* 

For  the  test  round  shown  In  Figure  6,  t * 30*94  ms.  Using  the  known 
distance  between  the  two  colls  (50  ft),  the  projectile  velocity  can 
be  calculated  »s  1616  fps.  It  should  be  noted  that  this  value  is  not 
actually  the  projectile  mizzle  velocity.  Rather,  it  is  the  mean 
projectile  velocity  in  the  region  between  the  two  velocity  colls,  in 
this  esse  between  25  ft  end  75  ft  from  the  muzzle.  The  response  of  a 
projectile  during  the  time  period  immediately  after  ejection.  Including 
any  velocity  change.  Is  a topic  of  current  research  interest. 
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Figure  6,  Typical  Uv  Date  Record 
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Curves  of  free-recoil  velocity  and  displacement  of  the  recoiling 
mass  for  a realistic  acceleration  history  are  shown  in  Figure  7.  With 
the  present  perforated  strip  instrumentation  technique,  only  the  ter- 
minal recoil  velocity,  after  the  end  of  the  gas  ejection  period,  could 
be  determined  with  adequate  accuracy*  For  the  data  shown  in  Figure  6, 
uall  after  the  end  of  gas  ejection  period,  40  pulses  occurred  in 
64*53  ms,  yielding  a terminal  recoil  velocity  of  5.166  fps.  These 
pulses  occurred  between  2 and  6 in.  of  displacement. 

The  value  of  muzzle  brake  effectiveness  may  now  be  calculated.  The 
definition  of  muzzle  brake  effectiveness  is: 


The  value  of  Iq  is  the  difference  in  recoiling  mass  final  momentum  for 
shots  with  and  without  a muzzle  brake,  l.e.. 


The  value  of  the  gas-ejection  impulse  G is  more  difficult  to  deter- 
mine. A satisfactory  method  would  be  to  measure  the  value  of  recoil 
velocity  at  the  Instant  of  shot  ejection.  Thin  value  could  be  used  to 
determine  the  momentum  of  the  recoiling  mass  at  the  Instant  of  shot 
ejection,  which  (neglecting  friction)  is  equal  to  the  in-bore  impulse. 
With  the  ln-bore  impulse  and  total  recoil  impulse  known,  the  gas- 
ejection  impulse  would  easily  be  calculated  using  equation  (6). 

However,  it  was  not  possible  to  measure  recoil  velocity  at  the  instant 
of  shot  ejection  with  the  present  instrumentation.  Thus,  two  alternate 
methods  of  determining  G were  used. 


(5) 


where 


I_  « forward  impulse  due  to  nuzzle  brake 

o 

G - gas-ejection  impulse. 


» 


(6) 


where 


m ^ • recoiling  mass  without  nuzzle  brake; 
m ■ recoiling  mass  with  muzzle  brake; 

" terminal  recoil  velocity  without  muzzle  brake; 
* terminal  recoil  velocity  with  muzzle  brake. 
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Of  the  tvo  methods  used  to  determine  a value  for  Gv  one  le 
experimental  and  one  le  theoretical.  The  experimental  method  relies 
on  assuming  the  in-bore  Impulse  Is  given  by: 


H - <"P  + r> V <7> 

Here  Up  le  the  projectile  mass  and  mc  lo  the  propellant  mass.  The 
formula  assumes,  as  Is  commonly  done  In  Interior  ballistics,  that  the 
propellant  gas  velocity  Is  linearly  distributed  from  zero  at  breech  to 
the  projectile  velocity  at  the  muzzle,  and  that  there  Is  uniform 
density  throughout  the  burned  propellant.  The  total  recoil  impulse 
la  simply  the  product  of  the  recoiling  mass  and  the  terminal  recoil 
velocity.  Thus  (neglecting  friction), 


C-I-H-.,V-  (■  + -4)V  . 

r2  r2  p 2 p 


(8) 


The  projectile  velocity  V.  shoved  significant  round-to-round  variation 
for  the  scaled  round  configuration  used.  The  terminal  recoil  velocity 
varies  directly  with  the  projectile  velocity  V„.  Sufficient  data  vere 
available  to  obtain  a plot  of  the  recoil  velocity  Vr2  (without  a 
muzzle  brake)  as  a function  of  Vp.  For  each  muzzle  brake  test  round, 
the  value  used  for  Vr2  wao  that  which  corresponded  with  the  value  of 
Yp  for  that  test  round. 

The  theoretical  method  (5)  is: 


C 


.a  + 


.0433  + .1486 


mV, 
_£  (-2 — \2 
m UOOG' 
c 


(9) 


This  value  for  the  lG5ncm  prototype  gun  Is  277  lbf-sec,  which  yields 
a 40mm  scaled  value  of  13.3  lbf-sec.  A value  of  B was  calculated  by 
each  method  for  each  muzzle  brake  test  round. 


RESULTS  AND  DISCUSSION 


SCALING  FEASIBILITY 

One  of  the  two  objectives  of  the  present  work  was  to  demonstrate 
the  feasibility  for  reduced  scale  testing  of  muzzle  devices.  Selected 
portions  of  Salsbury’s  103tam  nuzzle  brake  experiment  were  repeated  at 
reduced  scale  using  the  40mm  free-recoil  apparatus.  Comparisons  of 
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muzzle  brake  effectiveness  data  for  the  full-size  (105nm>  and  reduced- 
st^le  (4 Cm)  tests  are  shorn  in  tabular  fora  In  Table  6 and  In 
graphical  fora  in  Figure  8.  The  complete  set  of  experimental  data  is 
presented  in  Appendix  A.  Worst-case  experimental  uncertainty  for  the 
present  test  (40mm)  was  estimated  by  means  of  logarithmic  dif terentlatlon 
uncertainty  analysis  (Appendix  B)  and  was  found  to  be  + 17Z.  This  is 
significantly  smaller  ttwm  had  been  previously  attained.  It  is  unlikely 
that  worst  case  would  actually  occur.  Maximum  total  variation  in 
effectiveness  values  for  a given  brake  configuration  was  approximately 
4Z  in  Che  present  experiment.  The  values  shown  In  Table  6 and  Figure  8 
are  average  values  obtained  for  three  teat  rounds  for  each  brake 
configuration.  The  uncertainty  of  the  105m  data  is  unknown,  but  is 
thought  to  be  significantly  larger  chan  + HZ  (10>.  The  variation  of 
effectiveness  values  for  s given  brake  configuration  la  also  unknown 
for  the  lOSma  data. 

Table  6.  Comparison  of  Muzzle  Brake  Effectiveness  Data 


Muzzle  Brake 

Configuration  Muzzle  Brnke  Effectiveness,  8 


Disk 

Diameter 

(Calibers) 

Distance 
From  Muzzle 
(Calibers} 

105mm 

(Salsbury) 

40oi, 

Using  Approx. 
Experimental 
Value  of  G 

40mm  Using 
Theoretical 
Value  of  G 

3.63 

0.73 

0.70 

0.86 

0.77 

3.63 

2.18 

0.93 

1.06 

0.94 

3.63 

3.63 

0.70 

0.74 

0.66 

6.05 

0.73 

0.78 

0.84 

0.75 

6.05 

2.18 

1.17 

1.39 

1.24 

6.05 

3.63 

0.97 

1.16 

1.04 

The  naxlciua  disagreement  between  4<tom  and  lOStsa  effectiveness  values 
was  22Z,  while  the  average  absolute  value  disagreement  was  IGZ.  These 
are  well  within  the  limits  of  experimental  accuracy.  The  105am  data 
was  reduced  using  c theoretical  value  of  C calculated  using  equation  (9). 
A comparison  of  the  1 05cm  data  with  the  40m  data  reduced  using  the 
theoretical  value  of  C showed  a maximum  disagreement  of  10Z  and  an 
average  absolute  value  disagreement  of  6Z.  In  light  of  the  large 
experimental  uncertainty,  difficulty  of  scaling  the  105sai  Howitzer, 
and  the  preliminary  nature  of  the  work,  the  agreement  is  considered  to 
he  good.  With  planned  improvements  in  instrumentation  and  experimental 
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procedures,  which  are  discussed  later  in  this  report,  and  for  prototype 
guns  less  difficult  to  scale,  significantly  Ureter  results  are  expected. 
The  conclusion  is  that  mizzle  brake  ef fee tiveneas  can  be  successfully 
studied  at  reduced  scale. 


The  second  response  parameter  of  primary  Interest  in  this  reduced 
scale  investigation  was  blast  overpressure  in  the  region  behind  the 
muzzle.  Scaling  of  blast  overpressures  has  been  achieved  in  the  past 
(7,8).  Successful  scaling  of  blast  field  with  a conical  muzzle  device 
was  reported  In  reference  (9).  Also,  some  blast  data  obtained  In  tha 
present  experiment  (Table  A-2)  can  be  compared  with  available  105ra 
blast  data  taken  at  NVTL  (10).  Detailed  blast  data  obtained  during  the 
test  reported  in  (10)  are  shown  in  Table  7.  Comparison  of  average 
blast  overpressures  for  the  105mm  and  4 Ora  without  brakes  is  shown  in 
Table  8.  The  agreement  is  excellent.  This  result  is  especially 
important  because  the  gages  arc  located  in  a region  behind  the  muzzle, 
in  the  crew  area,  which  is  the  region  of  most  Interest  for  muzzle  brake 
Investigation.  Thus,  there  is  sufficient  Information  to  conclude  that 
blast  overpressures  can  be  successfully  studied  at  reduced  scale. 


Table  7.  IQSoa  Blast  Data 


Test  Data : 16-18  March  1973 


Test  Description:  105am  Howitzer,  M67  Zone  7 Charge,  Ko  Diffuser  - 

Blast  pressures  measured  at  various  locations  Around 
the  gun. 

Blast  Pressure  (pil)  9 Location 

Charge 

Round  Temperature 

No.  (T)  13>*.  20.3  Caliber.  165*.  20.3  Calibers 
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90 

1.2 

0.9 

25 

90 

1.3 

1.0 

26 

90 

1.2 

0.9 

27 

90 

1.3 

1.1 

28 

90 

1.2 

0.9 

29 

0 

1.2 

1.2 

30 

0 

1.2 

1.1 

3! 

0 

1.2 

1.1 

32 

0 

1.2 

1.2 

33 

0 

1.2 

1.1 

30 


Table  8.  Comparison  of  Blast  Overpressure 


Results  Without  Muzzle 

Brake 

Cun,  Charge 

Blast  Pressure 

(psi)  ? Location 

Temperature 

.cry.. 

135*.  20.3  Caliber a 

165*.  20.3  Caliber* 

105sa,  90*F 

1.2 

1.0 

105es»,  0*F 

1.2 

1.1 

40Bk,  = 70*F 

1.2 

1.1 

The  blast  overpressure  data  with  mizzle  brakes  present  did  not  show 
good  agreement  between  the  full-size  (105cm)  and  reduced-scale  (40ca) 
tear  results.  Comparison  of  results  from  Tables  A-5  and  -6  and  from 
reference  (3)  Is  shown  in  Figure  9.  All  data  po.'nts  are  average  values 
of  several  rounds.  The  most  obvious  discrepancy  is  that  the  105ca  blast 
data  arc  considerably  higher  than  the  reduced  scale  (40cm)  data.  There 
ta  a possibility  that  the  105m  blast  gage  location  reported  (3)  is  in- 
correct and  that  the  gage  was  in  fi»ct  ouch  closer  to  the  muzzle  (6). 

If  this  were  the  case,  the  discrepancy  would  be  explained.  Other 
possible  sources  of  disagreement  are  as  follows.  The  reduced-scale  40am 
gun  utilized  a muzzle  collar  that,  for  construction  reasons,  was  larger 
than  an  exact  scale  model  of  the  collar  used  on  the  full-size  105ca  gun. 
This  ’'larger"  collar  had  no  apparent  effect  on  the  effectiveness  of  the 
muzzle  brake,  but  may  have  provided  acme  shielding  from  blase  effects. 
Also,  the  blast  gages  uoed  in  the  present  40mm  test  were  not  completely 
satisfactory  tor  measurement  of  small  caliber  blast.  The  validity  of 
the  105mm  blast  data  la  unknown;  these  data  were  obtained  by  methods 
which,  by  today’s  standards,  are  quite  unsophl at lcated.  Thus,  while  no 
conclusions  are  drawn  from  these  data,  the  results  discussed  in  the 
previous  paragraph  are  aufficlent  to  conclude  that  blast  overpressure 
can  be  successfully  studied  at  reduced  scale. 

DEVELOPMENT  Of  APPARATUS  ANT)  PROCEDURES 

The  second  objective  was  to  develop  apparatus  and  procedures  for 
use  in  future  reduced-scale  investigations  of  nuzzle  devices.  Important 
aspects  include  the  free-rccoll  gun  mount,  scale  round  configurations, 
and  procedures  for  accurately  scaling  and  measuring  the  performance 
parameters  of  Interest. 

The  frec-recoll  40ma  gun  mount  apparatus  is  quite  satisfactory. 

In  particular,  the  concept  of  using  shafts  and  linear  ball  bushings 
to  carry  the  gun  was  found  to  be  highly  satisfactory.  This  arrange- 
ment offers  less  friction,  acre  positive  guidance,  greatly  simplified 
construction,  and  lesa  maintenance  tlan  the  wheels  and  tracks  system 
used  for  previous  free-rccoll  gun  counts. 
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The  round  configuration  used  was  not  completely  satisfactory.  The 
biggest  problett  was  fairly  large  rcund-to-round  variations;  tor  example, 
projectile  velocity  varied  from  15t8  to  1619  ft/sec,  with  an  average  of 
1597  ft/aec  for  32  rounds.  The  most  probable  reason  for  these  variations 
was  variations  in  the  chamber  volume,  a result  of  using  Stonfll  to  reduce 
the  cha~be~  volume.  The  level  of  the  Stonfll  was  difficult  to  control 
closely.  Also,  the  Stontll  was  permanently  deforced  during  tiring,  as 
evidenced  by  a drop  In  the  Stonfll  level.  However,  the  amount  of 
deformation  was  not  consistent.  Moisture  from  the  Stonfll  was  also 
a problem.  For  future  te***?,  cartridge  case  volume  will  be  reduced, 
when  necessary,  by  means  of  metal  slugs. 

Other  round  configuration  problems  were  the  primer  and  the  propellant 
The  small  electric  primer  cap  will  be  replaced  by  a standard  AOssm  per- 
cussion rap  with  an  extended  flash  tube.  The  propellant  used  was  not 
a true  scale  replica  of  "he  — l^typo  propellant.  In  tents  in  which 
very  accurate  scaling  Is  required,  special  sealed  propellant  grains 
could  be  manufactured. 

It  was  originally  planned  to  directly  measure  recoil  force  as  a 
function  of  time.  Such  information  would  be  valuable  to  the  gun  designer 
especially  during  design  of  recoil  systems.  The  technique  used  was 
accelerometers  on  the  recoiling  cuss  to  measure  the  acceleration  as  a 
function  of  time;  -ith  the  gur  in  free  recoil  and  the  mast  known,  the 
recoil  force  as  a function  of  time  could  easily  be  calculate*4  The 
accelerometer  record  was  expected  to  look  like  the  curve  shown  in 
Figure  7.  Instead,  It  showed  large  oscillations,  as  shown  In  Figure  6. 

The  reason  for  this  behavior  Is  as  follows.  Recall  that  the  gun 
carriage  is  essentially  composed  of  a gun  located  between  two  bushing 
housings,  connected  by  yoke  plates  (Figure  2).  When  the  gun  is  fired, 
it  begins  to  move.  The  massive  bushing  housings  at  first  lag  behind 
the  gun.*  Then  the  yoke  plates,  acting  like  springs,  accelerate  the 
bushing  housings  until  they  actually  pass  the  gun.  The  plates  then 
accelerate  the  gun  past  the  bushing  housings,  and  so  on.  The  result 
is  a more  or  lens  sinusoidal  vibratory  motion  superimposed  on  the  rigid 
body  motion  due  to  the  recoil  forces.  To  Investigate  this  motion,  a 
computerised  vibration  analysis  was  carried  out  by  Mr.  T.  F.  Morris  of 
NVL.  In  this  analysis,  the  gun  carriage  was  modeled  as  a system  of 
springs  and  cusses.  The  results  Indicated  that  the  relative  displace- 
ments of  the  gun  and  bushing  housings  relative  to  the  center  of  mass  of 
the  recoiling  mama  were  very  small,  on  the  order  of  0.001  In.  This 
was  expected,  since  the  gun  carriage  was  designed  to  be  structurally 
very  rigid.  However,  the  accelerations  of  the  gun  and  bushing  tiouslngs 
relative  to  the  center  of  mass  were  as  large  as  ♦ 50  g,  while  the 
maximum  acceleration  of  the  center  of  mass  was  127  g.  The  analytical 
acceleration  history  agreed  quire  veil  with  the  experimental  results. 


Change*  made  In  parueccr  values  In  Che  analysis  indicated  that  the 
problea  vat  not  feasible  to  solve  by  increasing  the  stiffness*  Thus, 
the  acceleration  of  the  recoiling  mass  will  not  be  used  to  determine 
the  recoil  force-time  history*  The  recoil  force-time  history  could  be 
obtained  from  other  data,  such  as  recoil  velocity-time  history,  but  the 
accuracy  might  be  questionable.  Even  approximate  recoil  force  da 
would,  however,  be  of  use  to  the  gun  designer* 

The  greatest  drawback  of  the  procedures  used  in  the  current  test  was 
lack  of  an  accurate  experimental  determination  of  the  gas-ejection 
impulse,  C.  A desirable  method  of  accurately  determining  C would  be  to 
accurately  measure  the  recoil  velocity  at  the  Instant  of  projectile 
ejection,  as  well  as  thr*  terminal  free-recoll  velocity.  Then  one  could 
use,  with  or  without  a r/izzle  brake, 

C • *r<Vr,  - V • <10> 


where: 


• terminal  recoil  velocity; 

- recoil  velocity  at  the  Instant  of  projectile  ejection. 

The  required  accuracy  la  extreme.  A logarithmic  differentiation  uncer- 
tainty analysis  shows  that  for  a recoil  velocity  on  the  order  of  5 ft/ 
sec,  the  gas  ejection  Impulse  C could  be  determined  within  + 5X  if  the 
recoil  velocities  could  be  determined  with  an  uncertainty  of  + 0.02  ft/ 
sec  ( + 0.4Z).  The  terminal  recoil  velocity  was  measured  In  this  exper- 
iment with  an  uncertainty  of  + 0.16X  (Appendix  B).  The  recoil  velocity 
at  the  instant  of  projectile  ejection  is  much  more  difficult  to  measure, 
primarily  because  the  recoil  velocity  is  changing  rapidly  (Figure  7). 
Very  fine  resolution  of  both  time  and  displacement  are  required.  Very 
accurate  measurement  of  elapsed  time  offers  no  difficulty*  Ifencd,  t >e 
problea  coaes  down  to  accurately  measuring  the  displacement  of  the 
recoiling  mass.  promising  possibility  is  s roaaerclally  available 
device  known  se  a "linear  encoder."  This  device  uses  a very  fine, 
accurately-scribed  grid  on  a glass  strip,  along  with  a phototranslator, 
light  source,  and  electronic  circuitry,  to  emit  an  electrical  pulse  for 
every  0.0005  in.  of  displacement.  It  appears  that  this  device  could  be 
successfully  used  to  measure  the  recoiling  mass  displacement  with  suf- 
ficient accuracy.  A very  accurate  determination  of  the  Instant  of 
projectile  ejection  will  also  be  required.  This  will  probably  be 
achieved  by  a breakvlre  located  such  chat  the  circuit  Is  broken  Just 
as  the  base  of  the  projectile  passes  through  the  muzzle  olane.  FlnalW 
*n  efficient  data  reduction  procedure  would  be  required  to  utilise 
such  detailed  data. 


In  conclusion,  the  apparatus  and  procedures  developed  during  this 
test,  with  minor  modifications,  are  suitable  for  reduced-scale  testing 
of  muszle  devices. 

SUMMARY  OF  COHCLUSIOKS 

Comparison  of  results  of  the  present  experiment  with  previous  results 
of  other  experimenters  has  resulted  in  good  agreement  for  values  of  muzzle 
brake  effectiveness  and  blast  overpressures*  In  addition,  good  results 
for  scaling  of  blast  overpressure  had  previously  been  obtained*  Thus, 
sufficient  data  are  available  to  conclude  that  muszle  devices  can  be 
accurately  investigated  and  developed  at  reduced  scale,  vith  consider- 
able savings  of  time  and  money* 

The  experimental  apparatus  and  procedures  necessary  for  reduced 
scale  ruzzlc  brake  testing  were  developed  during  this  test.  The 
apparatus  and  procedures  that  have  been  developed  are,  with  minor 
modifications,  satisfactory  for  carrying  out  reduced-scale  testing  of 
muszle  devices* 
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Table  A- 3.  Experimental  Data 
Teat  Date:  24  Hay  1973 

Teat  Description:  No  muxrle  brake.  Final  round  configuration  83.5  gram 

propellant.  Useful  pressure  data  obtained.  Displace- 
ment transducer  malfunctioned,  so  valid  values  of 
terminal  recoil  velocity  were  not  obtained.  Temper- 
ature approximately  70#F. 

Mast  Pressure  (pal) 


Round 

No. 

V 

P 

(fpa) 

Hurtle 

Pressure 

(p«i> 

90* , 17 
Calibers 
(lollipop) 

270#.l7 

Calibers 

(pencil) 

142*,  28.4 
Calibers 
(lollipop) 

1 

1595 

3300 

4.58 

4.76 

1.00 

2 

1597 

3300 

4.66 

4.76 

0.98 

3 

1598 

3300 

4.46 

4.48 

1.00 

4 

1594 

3400 

4.62 

4.72 

1.03 

5 

1593 

- 

4.46 

4.68 

1.00 

6 

1620 

3600 

4.54 

4.52 

0.95 
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Table  A-4.  Experlnental  Data 
Teat  Data:  7 June  1973 

Teat  Description:  No  mizzle  brake.  Keaeured  pressures  and  recoil 

velocity. 


Round 

No. 

V 

P 

Muisle 

Pressure 

(pal) 

Terminal 
Recoil 
Velocity 
«1 fP«> 

Bleat  Preaaure  (pal) 

g Location  (type  of  gaga) 

90*,  17 
^.libera 
(lollipop) 

270\  17 
Calibera 
(pencil) 

142°,  28.4 
Caliber, 
(lollipop) 

1 

1597 

3000 

5.85C 

4.91 

4.65 

0.91 

2 

1606 

3000 

- 

4.71 

4.57 

0.83 

3 

1593 

3100 

5.187 

4.71 

4.53 

0.86 
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Tabic  A-5.  Experimental  Data 


Teat  Date;  20  June  1973 


Teat  Description:  Muzzle  brake 

mizzle  brake 
distance. 


configuration  aa  Indicated.  This  teat  la  the  reduced-scale 
teat.  Recoil  velocity  la  average  from  2-in.  to  6-in.  recoil 


Muzzle  Brake 
Configuration 


Round 

No. 


Disk 

Disaster 


Distance 

froa 

Muzzle 


V 

p 

(fps) 


Terminal 

Recoil 

Velocity 


Blast  Pressure  (psl) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


1603 

16G6 

1384 


3.826 

3.847 

S.800 


9.324 


3.715 


3.429 


1.143 

1.143 


1396 

1600 

1600 

1578 

1597 

1381 

1588 


4.880 
4.892 
4.727 
4. 66* 
4.714 
5.059 
3.102 


Muzzle 

Pressure 

<P8'> 

90%  17 
Calibers 
ilolllpop) 

142%  28.4 
Calibers 
(pencil) 

4.43 

0.92 

3200 

4.38 

0.92 

3100 

4.64 

0.96 

3300 

6.06 

1.72 

3100 

6.49 

1.72 

3200 

6.23 

1.83 

3300 

12.60 

3.60 

3100 

11.20 

2.64 

3000 

11.30 

2.84 

2900 

9.29 

2.21 

29f? 

8.28 

1.28 

m 


r. 


'M 

/ v 


// 
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p / 
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mm 


m \ 
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1 
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Ar 
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t* 


Test 

Dace 

6/20/73 


6/21/73 


Table  A-7.  Reduced  Experimental  Data  for 
Muzzle  Brake  Effectiveness 


Bound 

Mo. 

4 

5 

6 

7 

8 

9 

10 

11 

1 

2 

3 

4 
3 
6 

7 

8 
9 

10 


Muzzle  Brake 
Configuration 


Disk 

Diameter 

9.S24 


3.715 


Distance 

From 

Muzzle 

5.715 


J 


3.429 


1.143 


5.715 


3.429 


v 

1.143 


Muzzle  Brake 
Effectiveness,  fl 


Based  on 
Experimental  Based  on 
Approximation  Theoretical 


of  G 


Value  of  G 


1.16 

1.04 

1.16 

1.04 

1.39 

• 

1.25 

1.39 

1.23 

1.40 

1.25 

0.35 

0.75 

0.82 

0.73 

0.83 

0.77 

0.75 

O.S? 

0.73 

0.65 

0.74 

0.66 

1.06 

0.94 

1.x 

0.93 

1.07 

0.93 

0.8S 

0.76 

0.86 

0.77 

0.87 

0.79 
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EXPERIMENTAL  UNCERTAINTY  ANALYSIS 

This  appendix  presents  estimates  of  the  maximum  uncertainty,  or 
possible  error,  in  experimentally  measured  quantities. 

PRESSURE  MEASUREMENTS 


The  errors  in  the  pressure  measurements  arc  most  difficult  to  assess 
for  both  the  nuzzle  pressure  and  free-air  blast  pressure.  A large  part 
of  the  difficulty  is  because  the  pressure  is  highly  transient.  Sources 
of  error  include  calibration  inaccuracies,  thermal  sensitivity,  over- 
s1»oot,  rise  tixe,  and  uncertainty  in  the  location  of  the  gage.  Another 
source  of  error  in  measuring  peak  overpressure  is  rise  time  due  to  the 
finite  (i.e.,  not  inf initcsimal)  sire  of  the  gage  sensing  element.  The 
measurements  in  this  experiment  were  corrected  for  this  effect,  accord- 
ing to  the  method  described  in  reference  ( S) . Errors  can  also  appear  as 
a result  of  the  data  recording  and  playback  apparatus.  The  situation  is 
further  complicated  by  the  fact  that  the  actual  pressure  is  not  neces- 
sarily consistent,  for  example,  due  to  round-to-round  variations  in  the 
projectile  and  charge  asy^obiy.  Examination  of  teat  records,  plus  past 
rXTwrience.  indicate  that  the  uncertainty  In  frce-alr  blast  pressure 
measurement ii  is  on  the  order  of  + 102.  Tl>c  uncertainty  of  the  nuxrle 
pressure  measurements  is  estimated  to  be  of  the  same  order,  perhaps 
somewhat  sculler. 

LOGARITHMIC  DIFFERENTIATION  TECHNIQUE 

Because  of  exper ioental  uncertainties  in  measured  quantities,  there 
is  also  uncertainty  in  chc  value  of  any  calculated  parameter  that  in- 
volves measured  quantities.  Such  uncertainties  sre  estimated  In  this 
report  by  means  of  the  "logarithmic  differentiation"  technique. 

As  an  example  of  the  logarithmic  differentiation  technique,  consider 
a hypothetical  parameter  Q,  defined  as: 


where  3,  S,  and  W are  hypothetical,  experimentally-measured  quantities. 
Taking  the  natural  log  of  both  sides  of  this  equation  yields: 

InQ  - InB  ♦ 21nV  - InS. 

Differentiating  both  sides  of  this  equation  yields: 

dq  b d B f ^djrf  ds 

0 " B~  "V  ~ S ’* 


B-l 


S I 

■ I 


\ , 


\ 


/ \ 


The  differencial  quantities  are  taken  to  represent  the  uncertainties 
in  each  quantity.  For  example*  dB  represents  the  uncertainty  In  the 
Measured  value  of  B.  Similarity,  dQ  represents  the  uncertainty  in 
the  calculated  value  of  Q.  The  maximum  uncertainty  in  the  calculated 
parameter  Q can  be  obtained  by  taking  absolute  values: 


This  technique  is  applied  to  the  present  experiment  in  the  following 
paragraphs. 

PROJECTILE  VELOCITY 


The  projectile  velocity  was  measured  by  measuring  the  elapsed  time 
for  the  projectile  to  traverse  e known  distance. 


V 

p t 


Using  the  logarlttalc  differentiation  technique. 


dV 

V 


?-*[!*  I*m]- 


The  velocity  colls  were  located  at  25  ft  and  75  ftt  so  L • 50  ft*  with 
an  uncertainty  of  dL  • ♦ 0.5  in.  • ± .042  ft.  The  elapsed  time  was 
about  31  ms,  with  dt  • ± 0.05  ms.  Thus,  Vp  * 1612  ft/sec,  which  resul 
In  an  uncertainty  of  0.251,  or  4 ft/sec.  In  the  muxxle  velocity. 


Measured  values  of  Vp  show  more  variation  because  of  round- to- round 


variation.  It  is  noted  that  this  value  of  Vp  Is  not  the  true  "muxsle 
velocity**  because  of  the  blast  wave  interaction  with  the  projectile, 
and  drag,  though  it  is  probably  different  by  only  a few  feet  per  second. 


TERMINAL  RECOIL  VELOCITY 


The  terminal  recoil  velocity  of  the  recoiling  mass  was  determined 
by  measuring  the  elapsed  elms  required  to  travel  e distance  of  4 In.  at 
constant  velocity.  Thus,' 


V • -, 
rt  t# 
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dVrt 

< 

dL 

♦ 

dt 

Vrt 

L 

t 

The  uncertainty  of  the  travel  (L  ■ 4 in.)  results  from  Inaccuracies  In 
the  location  of  the  slots  In  the  perforated  atrip,  which  were  Measur'd 
to  be  dL  ■ + .003  In.  naxlmua.  The  alniaua  elapsed  tine  was  about 
37  ms,  with  an  uncertainty  of  dt  • + .05  ms.  For  Vrt  • 5.8  ft/sec, 
the  uncertainty  in  the  terminal  recoil  velocity  Is  + 0.01  ft/sec,  or 
0.16X* 

MUZZLE  BRAKE  EFFECTIVENESS 

The  value  of  muzzle  brake  effectiveness  Is  calculated  from: 


so: 
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The  impulse  due  to  the  muzzle  brake  was  calculated  from: 

B r2  r2  rl  rl 
Logarithmic  differentiation  yields: 


*r2dVr2  + Vr2d"r2  " «r 


» ,V  , - m ,V  , 
r2  (2  rl  rl 


dV  , - V dm 
l ll rl  rl 


or,  for  worst  case: 

Vi  I I + Vrl  I *Vl  U ‘,1  I ”,1  [ * »,1  I »,I  I 
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Using  the  following  values: 


•r2  - 601  lb 


"rl 


612  lb 


Vr2  - 5.620  ft/sac 
Vrl  - 4.880  ft/ sec 


d»r2  - + 2 lb 
d*rl  ■ + 2 lb 
dVr2  - .0093  ft/sec 
6Vrl  - .0078  ft/ sec 


the  result  is: 


dl 

1. 


- ♦ 6.22. 


The  value  of  C was  calculated  by  two  methods:  one  of  which  was  by 
aeans  of  a theoretical  equation;  the  othor  f row  eapcrlwcntal  data. 

The  experimental  Method  used  the  equation: 


C«w,V,-(w  ♦ — ~)  V » 
r2  r2  p 2 p 


Logarithmic  differentiation  yields: 


dC 

C 


*r2l'Vr2|*  Vr2|*,t2|*  <*P  * 2S>|*,-I* 


■r2  Vr2  ’ <*„  * ?> 


Using  Che  values: 


wr2  - 601  lb 

d*r2  • ± 2 lb 

Vr2  • 5.820  ft/sec 

dVr2  * - •OOM  ft/sec 

• 

chi  * .01  lb 

\r  - 1*916  lb 

P - 

* 

dm  .001 

V - 1600  ft/sec 

c — • -M 

P 

dV  ■ ♦ 4 ft/sec 

the  result  Is: 


jp  - ± 10.62. 


M 


/•  ^ 


Collecting  results 


• + 16. 8Z. 

The  difficulty  in  accurately  Manuring  mussle  brake  effectiveness  can 
be  scene  Actually,  the  uncertainty  msy  be  somewhat  larger,  s<nce  the 
expression  used  to  calculate  the  value  of  C is  only  a good  approxima- 
tion* No  formal  uncertainty  estimates  for  previous  muzzle  brake  per- 
formance data  vc re  found.  It  is  believed  that  such  uncertainties 
vers  of  the  order  of  + 30%.  An  uncertainty  in  6 of  ♦ 17%  represents 
a considerable  improvement.  Planned  future  improvement a in  instru- 
mentation and  procedures  are  expected  to  further  reduce  this  uncer- 
tainty to  about  + 10%,  primarily  by  reducing  the  uncertainty  in  the 
value  of  gas-ejection  impulse  G. 
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